Hippocampal function has been implicated in mood and anxiety disorders, as well as in the response to antidepressant (AD) treatment. However, the significance of new neurons in the therapeutic mechanism of ADs remains unclear. In this study, the proliferation of new neurons was inhibited through conditional deletion of ataxia telangeictasia-mutated and rad-3 related (ATR), a cell cycle checkpoint kinase, and cellular and behavioral outcomes following AD exposure were evaluated. ATR was conditionally deleted by microinjecting a Cre recombinase-expressing virus into the hippocampus of floxed-ATR mice. Behavioral assessment in multiple rodent models of affective state revealed anxiolytic-like behavior in the elevated zero maze, marble burying test, and novelty-induced hypophagia (NIH) test. The efficacy of chronic desipramine (DMI) treatment was evaluated in the NIH test, as this paradigm is thought to be sensitive to increases in neurogenesis by chronic AD exposure. Chronic exposure to DMI reduced hyponeophagia in the NIH test in control mice, whereas DMI had no behavioral effect in ATR-deleted mice. Although DMI did not alter cell proliferation in either group, it did produce a robust increase in dendritic spine density in control mice, indicative of enhanced neuronal plasticity. This effect of DMI on spine density was severely attenuated following ATR deletion. These findings demonstrate that reductions in basal neurogenesis produce an anxiolytic phenotype and reduce AD efficacy in behaviors requiring chronic exposure. Furthermore, attenuated capacity for synaptic remodeling may underlie these behaviors. ATR deletion may serve as a valuable model to study the various proposed roles of newborn neurons in the hippocampus.
INTRODUCTION
Major depression is a highly prevalent psychiatric disorder characterized by a diverse manifestation and etiology. Depression and anxiety are highly co-morbid and pervasive (Merikangas et al, 2003) . The ability of chronic antidepressant (AD) treatment to ameliorate the symptoms of both depression and anxiety (Schoevers et al, 2008) raises the possibility that they may share common molecular underpinnings. Hippocampal neurogenesis has been implicated in the therapeutic efficacy of AD treatment. This theory is supported by evidence that the maturation and functional integration of new neurons occurs over a period of time similar to that required for ADs to exert their therapeutic effects (Malberg et al, 2000; Jessberger and Kempermann, 2003) . However, the significance of new hippocampal neurons for the onset of depressive-like symptoms remains unclear (Balu and Lucki, 2009, for review) . Although rodent models of chronic stress can reduce neurogenesis (Malberg and Duman, 2003; Murray et al, 2008; Elizalde et al, 2010) and induce anhedonia (Papp et al, 1991) , reduced neurogenesis alone is not sufficient to induce depression and is more likely a risk factor contributing to the onset of depressive-like symptoms (Sahay and Hen, 2007) .
Despite early promising reports, the relevance of new neurons to AD effects is still unclear. Fluoxetine (FLX) was shown to be ineffective in a behavioral model of AD efficacy following ablation of hippocampal neurogenesis by X-ray irradiation (Santarelli et al, 2003) . Additionally, in a comparison of the inbred mouse strains MRL/MjP and C57BL/6, found behavioral efficacy following FLX and desipramine (DMI) treatment only in the strain that exhibited a positive neurogenic response to these drugs. In contrast, there is evidence that AD treatment elicits behavioral changes independent of hippocampal neurogenesis (David et al, 2007; Holick et al, 2008; Huang et al, 2008) . Furthermore, numerous studies implicate enhanced neuroplasticity and synaptic function in the therapeutic efficacy of ADs (Bessa et al, 2009; Calabrese et al, 2009, for review; O'Leary et al, 2009; Marchetti et al, 2010) .
Although depression and anxiety present with high comorbidity, little work has been done to examine neurogenesis in the context of anxiety. Some studies find no link (Saxe et al, 2006) , while others observe an anxiogenic response associated with reduced neurogenesis (Bergami et al, 2009; Revest et al, 2009) . Voluntary exercise leads to a robust increase in neurogenesis while also increasing anxiety-like behavior (Fuss et al, 2010b) . However, it must also be noted that voluntary exercise can reduce anxiety (Duman et al, 2008; Salam et al, 2009) , suggesting a variety of factors in addition to neurogenesis likely interact to modulate anxiety.
To address the relevance of neurogenesis to psychiatric illness, we have utilized a genetic approach in which hippocampal neurogenesis is reduced following deletion of ataxia telangeictasia-mutated and rad-3 related (ATR). ATR is necessary for genomic stability in the early embryo and cells lacking ATR ultimately exit the cell cycle or undergo programmed cell death Baltimore, 2000, 2003) . Ubiquitous deletion of ATR from the adult mouse leads to age-related phenotypes that are associated with the premature depletion of stem/progenitor cells (Ruzankina et al, 2007) . Previous research has demonstrated that ATR can be deleted from differentiated forebrain CNS neurons by Synapsin1 promoter-driven Cre expression with no effects on circadian period, coordination, strength, anxiety, or hippocampal-dependent learning (Ruzankina et al, 2007) . This suggests that ATR is not necessary for the function of differentiated neurons and implicates loss of ATR from the proliferating cell population in the behavioral consequences that we observe following hippocampalspecific deletion. Targeting a protein that is not necessary for the function of mature cells provides the added benefit of minimizing possible compensatory or nonspecific effects that could arise if the deleted protein were to have a role outside of cell division.
Here, we show that deletion of ATR from the adult hippocampus leads to at least a 50% reduction in neurogenesis. Behavioral consequences of partially inhibiting neurogenesis have been observed previously (Revest et al, 2009; Conboy et al, 2010) . We thus evaluated behavior in rodent models of affective state and examined the cellular and behavioral effects of AD treatment following ATR deletion. Although not a complete ablation, this model has the potential to mimic the reduced rate of neurogenesis that is observed during aging (Bondolfi et al, 2004) . Aged mice have a reduced capacity for AD-induced neurogenesis (Couillard-Despres et al, 2009 ) and treatment-resistant depression is prevalent in the aged population (Lenze et al, 2008) .
SUBJECTS AND METHODS
See Supplementary Information for adeno-associated virus and microinjection methods.
Animals
Mice homozygous for the Cre/lox-conditional allele of ATR (referred to as floxed-ATR or ATR f/f ) and mice expressing the tamoxifen-inducible Cre transgene (CreERT 2 ) on a 129SV/C57BL/6 background were generated as previously described (Ruzankina et al, 2007) . Floxed-ATR mice were used for hippocampal-specific ATR deletion. For wholebody deletion of ATR, floxed-ATR mice carrying CreERT 2 were treated with tamoxifen as described (Ruzankina et al, 2007) . For behavioral studies in these mice, one of two control groups was utilized: (1) ATR f/f ;CreERT 2 + vehicle, or (2) ATR f/f + tamoxifen. Mice (1.5-5 months old, 20-35 g) were housed in groups of 3-4 following stereotaxic surgery and during experimental paradigms, with exceptions noted. All behavioral experiments were conducted on males and females at least 5 weeks following stereotaxic surgery or tamoxifen treatment. Animals were maintained on a 12 h light-dark cycle with food and water available ad libitum in accordance with the University of Pennsylvania Institutional Animal Care and Use Committee. In some instances multiple behavioral tests were performed in a single cohort of mice, as indicated here: (1) elevated zero maze was performed 3 days following marble burying. (2) Training in the novelty-induced hypophagia (NIH) commenced 3 days following forced swim test. (3) Locomotor activity was measured 2 days before the Morris water maze and restraint stress was measured 1 week following water maze testing.
Drugs
DMI (Sigma, St Louis, MO), chlordiazepoxide (CDP, Sigma) and bromodeoxyuridine (BrdU, Sigma) were dissolved in 0.9% saline. Solutions were prepared immediately before use and injected intraperitoneally (i.p.) using a volume of 10 ml/kg. For cell proliferation analysis, 200 mg/kg BrdU was administered 24 h before perfusion. For cell survival analysis, 100 mg/kg BrdU was administered once per day for 4 days, 4 weeks before perfusion. To activate the inducible CreERT 2 , tamoxifen (Sigma) was dissolved at a concentration of 20 mg/ml in a mixture of 98% corn oil per 2% ethanol and was injected i.p. once per day for 4 days.
Quantitative-PCR
Cre/Lox recombination was quantified using RT-PCR. Brains were rapidly removed and hippocampi were dissected out and flash-frozen in liquid nitrogen. DNA was extracted using Qiagen DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA). Deletion rate was analyzed by utilizing a Taqman primer/probe set, which overlap the 3 0 lox sequence and a portion of the excised domain as described (Ruzankina et al, 2009) . Floxed-ATR levels were normalized to the housekeeping gene TBP.
Immunohistochemistry
Mice were anesthetized with nembutol (10 mg/kg) and transcardially perfused with cold 0.1 M phosphate-buffered saline (PBS) for 5 min, followed by cold 4% paraformaldehyde (PFA) in PBS for 15 min. Brains were postfixed overnight in PFA at 4 1C and subsequently stored at 4 1C in 30% sucrose. Brains were frozen on dry ice, sectioned coronally at a thickness of 40 mm, and transferred to PBS + 0.5% sodium azide at 4 1C before processing for immunohistochemistry.
For BrdU analysis, sections were wet-mounted on Superfrost/Plus slides (Fisher Scientific, Pittsburgh, PA) for stereological analysis using a modified version of the optical fractionator method (West et al, 1991) . Mounted sections were incubated in 0.1 M citric acid, pH 6.0, for antigen retrieval. Subsequently, slides were incubated in trypsin, 2 N HCl, then primary antibody (mouse anti-BrdU, 1 : 200, Becton Dickinson) with 0.5% Tween 20 overnight. On the second day, slides were incubated for 1 h in secondary antibody (biotinylated anti-mouse IgG, Vector Laboratories), 1 h in avidin-biotin-HRP (1 : 100, Vector Laboratories), and labeled cells were visualized using diaminobenzidine (Sigma). PBS-washed slides were then counterstained and coverslipped with Permount. BrdU-IR cells in every ninth section of the hippocampus were counted with a 100 Â oil immersion lens, omitting cells in the upper-most focal plane. Cells within clusters were counted by distinguishing nuclear borders while focusing down through the tissue using an objective with a narrow depth of focus. For proliferation counts, a cell is included in the subgranular zone (SGZ) of the dentate gyrus if it is touching, or within two cells of the granule cell layer (GCL).
For doublecortin (DCX) analysis, free-floating sections of a 1/9 series through the hippocampus were blocked for 1 h with 3% normal horse serum, 0.5% Tween 20 and 0.2% Triton in PBS (blocking solution). Sections were then incubated for 72 h at 4 1C in primary antibody (goat anti-DCX, Santa Cruz #8066) diluted 1 : 500 in blocking solution. Sections were washed and incubated for 1 h in secondary antibody (horse anti-goat, Vector Laboratories) diluted 1 : 200 in blocking solution. Sections were then washed and treated with 0.75% H 2 O 2 for 20 min before incubation in avidin-biotin-HRP (1 : 200, Vector Laboratories). Labeled cells were visualized using nickel-enhanced diaminobenzidine. Free-floating sections were mounted onto slides and dried overnight before dehydrating and coverslipping with Permount. DCX-IR cells in every ninth section were counted with a 100 Â oil immersion lens, omitting cells in the upper-most focal plane. All cells located within the GCL and SGZ were counted.
Golgi Impregnation
Golgi impregnation was conducted to label neurons and their processes for analysis of dendritic spine density according to the FD Rapid GolgiStain Kit (FD NeuroTechnologies, Ellicott City, MD). In all, 100 mm sections were cleared with xylenes and coverslipped with Permount mounting medium. Hippocampal CA1 neurons selected for analysis had the following characteristics: dark and complete impregnation, untruncated tertiary dendrites, and isolated cell body with a clear connection to dendrites that are isolated from neighboring cells to avoid interference. For each brain, five CA1 neurons were selected for analysis. Within each neuron, six separate 10 mm segments of tertiary dendrite, located at least 50 mm from the cell body, were selected for counting. Number of spines per 10 mm was determined manually using a confocal microscope (Nikon Eclipse E600, Nikon) with a 100 Â oil immersion lens. For each treatment group, average spine density of each neuron analyzed was averaged to arrive at the spine density used for statistical analysis.
Elevated Zero Maze
The elevated zero maze test was performed as described previously (Gundersen and Blendy, 2009 ). The maze (Stoelting, Wood Dale, IL) consists of two open areas (wall height, 0.5 00 ) and two closed areas (wall height, 12 00 ), and is elevated 24 00 from the ground. Lighting in the maze was 15 lux. At the start of testing, mice were placed into one of the closed areas and were allowed to explore the maze for 300 s. The Viewpoint Tracking System (Viewpoint, Champagne au Mont d'Or, France) was used to track time spent in the open areas, number of entries into the open areas, and distance traveled in each area.
Marble Burying
After a 1-h acclimation period in the testing room, mice were placed in a standard mouse cage containing 5 cm of bedding and 20 marbles, spaced equally along the edge of the cage. A wire-mesh lid was placed on the cage. Number of marbles buried at the end of a 15-min session was quantified. A marble was considered buried if it was at least 2/3 beneath the surface of the bedding.
NIH Test
The NIH test was performed as previously described (Gur et al, 2007) . Briefly, mice were pair-housed and trained to consume peanut butter chips (Nestle) in their home cage. Drug treatment occurred between the training and testing periods. For chronic AD treatment, mice received 25 days of DMI (12.5 mg/kg DMI, b.i.d.). This was followed by measuring latency to consume the palatable food on two consecutive test days. The first test day took place in the home cage. On the second test day, latency was measured in a novel environment, which consisted of an empty cage with no bedding, placed in a white box with a bright light (2150 lux) and a novel smell (dilute pine sol). On home and novel test days, mice received their first daily injection of DMI 1 h before testing latency to feed, and received their second injection of DMI in the evening, consistent with the chronic treatment paradigm. For acute CDP treatment, home and novel test days occur immediately following the training period. CDP (10 mg/kg) was injected 30 min before the novel test.
Forced Swim Test
Mice were placed in water (15 cm depth, 23 1C) in plastic cylinders (23 cm tall Â 14 cm diameter) for 6 min. Using Viewpoint automated scoring (Viewpoint), duration of immobility was measured. Mice were exposed to the swim tanks twice (pre-swim and swim test), with 24 h between exposures. Three injections of DMI were given during the inter-swim interval: one 24 h before the swim test (10 mg/kg), a second injection 5 h before the swim test (10 mg/kg), and a third injection 1 h before the swim test (20 mg/kg).
Statistical Analysis
Statistical analyses were performed with GraphPad Prism 5. Data are reported as mean ± SEM. Studies comparing AAV injection were analyzed with Student's t-tests. Studies comparing AAV and environment or treatment were analyzed by two-way ANOVA followed by pair-wise comparisons with Bonferroni post hoc tests.
RESULTS

Hippocampal ATR Deletion Reduces Neurogenesis
To delete ATR, we micro-injected AAV.Cre into both the dorsal and ventral hippocampus. AAV.Cre and the control virus, AAV.eGFP, were packaged into viral capsids of the serotype 9. AAV9 was chosen for its ability to spread throughout the hippocampus, thereby covering the entire rostral-caudal extent of the dentate gyrus without spreading outside of the hippocampal formation. Maximal deletion of ATR (À78%, t (16) ¼ 4.75, po0.001) was evident 8 weeks following AAV injection (Figure 1a) . Photomicrographs of eGFP fluorescence at this time point illustrate spread and expression of the AAV (Figures 1b and c) .
To determine the effect of hippocampal ATR deletion on neurogenesis, floxed-ATR mice were injected i.p. with 200 mg/kg BrdU 8 weeks following hippocampal AAV microinjection and perfused 24 h later. Compared with controls, ATR-deleted mice showed significantly reduced (À45%, t (17) ¼ 5.56, po0.0001) BrdU incorporation, indicating a robust reduction in basal levels of cell proliferation (Figures 2a, d and e). To determine the effect of ATR deletion on cell survival, BrdU was injected 4 weeks following AAV microinjection and mice were perfused 4 weeks later. Compared with controls, ATR-deleted mice showed significantly reduced (À57%, t (22) ¼ 5.31, po0.0001) BrdU incorporation, indicative of reduced cell survival (Figure 2b ). Additionally, ATR-deleted mice showed significantly reduced (À54%, t (17) ¼ 3.246, po0.005) expression of DCX, indicating a reduction in the total number of newly-born, immature neurons present in the hippocampus (Figures 2c, f and g ). Taken together, these data demonstrate that hippocampal ATR deletion results in at least a 50% reduction in neurogenesis treatment, we already observed a 30% reduction in BrdU incorporation in these mice (p ¼ 0.06, data not shown).
ATR Deletion Reduces Anxiety-Like Behavior
After establishing that hippocampal ATR deletion results in reduced basal levels of neurogenesis, we sought to evaluate behavior of the floxed-ATR mice in rodent models of affective state. Anxiety-like behavior was evaluated using the EZM (Figure 3a) . ATR-deleted mice spent significantly greater time (t (10) ¼ 3.26, po0.01) in the open arms of the maze, indicating reduced levels of anxiety compared with controls. This observation was not because of any overall difference in distance travelled in the maze (t (10) ¼ 0.71 p ¼ 0.49) (Figure 3b) . Furthermore, deletion of ATR from the hippocampus did not affect general locomotor activity or corticosterone response to an acute stressor (Supplementary Figure S1 ).
The anxiolytic phenotype observed in the EZM is at odds with work by others demonstrating an anxiogenic phenotype following reduced neurogenesis (Bergami et al, 2009; Revest et al, 2009 ). To determine if reduced anxiety-like behavior was present in other tests, we examined behavior in the marble burying test in both the AAV and tamoxifeninducible models of ATR deletion. As illustrated in Figure 4a , hippocampal ATR deletion was associated with a significant reduction (t (28) ¼ 3.55, po0.01) in the number of marbles buried during a 15-min session. Consistent with the anxiolytic effect of hippocampal-specific ATR deletion, reduced anxiety-like behavior was also observed in the marble burying test in ATR f/f ;CreERT 2 mice treated with tamoxifen (t (10) ¼ 5.805, po0.05) (Figure 4b) .
ATR deletion resulted in reduced hyponeophagia in the NIH test, indicative of a blunted anxiety-like response to a novel, anxiety-provoking environment. Mice were trained to consume peanut butter chips in their home cage and subsequently tested for latency to consume this palatable food in a novel, anxiety-provoking environment. Following hippocampal-specific deletion, ATR-deleted mice showed significantly shorter latency to feed in the novel environment compared with controls (po0.001) (Figure 4c This effect was observed in both hippocampal-specific ATR deletion (a, **po0.01, n ¼ 14-16 per group) and in the tamoxifen-inducible ubiquitous ATR deletion (b, **po0.001, n ¼ 6 per group). (c, d) ATR-deleted mice exhibited significantly shorter latencies to feed in the novel environment during the NIH test. This effect was observed both in hippocampal-specific ATR deletion (c, **po0.001, n ¼ 8 per group) and in the tamoxifen-inducible ubiquitous ATR deletion (d, **po0.001, n ¼ 11-13 per group). Error bars indicate SEM. Figure 4d ).
Behavioral Effects of DMI are Attenuated Following ATR Deletion
As hippocampal neurogenesis has been implicated in the mechanism of action of ADs, we next sought to determine whether ATR deletion would alter the cellular and behavioral response to chronic AD treatment. To address this, we again utilized the NIH test but evaluated mice following chronic DMI treatment (12.5 mg/kg i.p., b.i.d.). This dose effectively reduces feeding latency in mice on a 129SV/C57BL/6 background following chronic, but not acute treatment (Gur et al, 2007; Turner et al, 2010 Figure S2) or spatial learning (Supplementary Figure S3 ).
Cellular Effects of Chronic DMI are Altered in ATR-Deleted Mice
Following behavioral testing in the NIH paradigm, the cellular effects of chronic DMI treatment were evaluated. Two-way ANOVA revealed a significant main effect of AAV (F (1, 29) ¼ 31.73; po0.0001) to reduce cell proliferation in ATR-deleted mice (Figure 5d ), as observed previously. DMI had no effect on cell proliferation in control or ATR-deleted mice (AD main effect:
In the absence of a neurogenic effect of DMI treatment, we sought to identify a potential mechanism through which DMI may exert behavioral changes. Dendritic spine density, a correlate of synaptic transmission strength and neuronal plasticity (von Bohlen Und Halbach, 2009), can be increased by AD treatment in rodents (Norrholm and Ouimet, 2001; Hajszan et al, 2005) . Reduced spine density has been observed in post-mortem tissue of depressed individuals (Law et al, 2004) . To this end, we examined whether DMI exerted differential effects on CA1 dendritic spine density in ATRdeleted mice. Two-way ANOVA revealed significant main effects of AAV (F (1, 145) ¼ 25.2, po0.0001), AD (F (1, 145) ¼ 159.7, po0.0001), and a significant AAV Â AD interaction (F (1, 145) ¼ 81.41, po0.0001). Post hoc analyses confirmed a robust significant effect ( + 34%, po0.001) of DMI in control mice (Figures 6a and b) . This effect was greatly attenuated ( + 5%, po0.05) in ATR-deleted mice (Figure 6c ).
DISCUSSION
Since neurogenesis was first proposed to regulate response to AD treatment (Jacobs et al, 2000) , numerous publications have examined hippocampal neurogenesis in the context of depression. However, its precise role in the etiology and treatment of mood disorders remains controversial. In this study, we showed that ATR is necessary for maintenance of the basal rate of hippocampal neurogenesis. Deletion of ATR from the hippocampus resulted in a partial inhibition of neurogenesis and reduced anxiety-like behavior in multiple mouse models of affective state. AD treatment was behaviorally ineffective in the NIH test following ATR deletion. In addition, the increased dendritic spine density induced by chronic treatment with DMI was severely attenuated following ATR deletion. These data suggest that capacity for increased neuronal plasticity in the hippocampus, rather than increased neurogenesis, may underlie the behavioral efficacy of DMI in the NIH test. A neurogenesis-independent effect of DMI in the NIH test is additionally supported by the observation that DMI reduced hyponeophagia in control mice without stimulating cell proliferation.
ATR is important for maintaining genomic integrity during DNA synthesis and proliferative failure is observed in its absence Baltimore, 2000, 2003) . No obvious behavioral changes are observed when ATR was deleted from differentiated cells in the forebrain (Ruzankina et al, 2007) , suggesting that the behavioral alterations observed herein can be attributed to deletion of ATR from cells with proliferative potential following hippocampal AAV microinjection. The partial reduction in neurogenesis is likely related to the infection rate of the AAV in the neural stem and progenitor cells. Hypothetically, greater inhibition could be obtained by utilizing an approach that targets these cells with greater affinity. However, the significant cellular and behavioral effects observed in this model of partially-blocked neurogenesis reinforce the sensitivity of hippocampal functioning to changes in neurogenesis.
We observed a 45% reduction in hippocampal cell proliferation ( Figure 2a ) and a similar reduction in the total number of 4-week-old cells (Figure 2b ), 8 weeks following ATR deletion. Consistent with this finding, 54% fewer DCX-expressing cells were present in the hippocampus as a result of ATR deletion (Figure 2c) . DCX is transiently expressed in immature neurons as they mature and migrate . These data indicate that ATR is necessary to maintain a normal rate of hippocampal neurogenesis. In a second model of ATR deletion that does not involve virus injection, we used a tamoxifen-inducible Cre transgene to delete ATR. In this model, we observed a 30% reduction in cell proliferation as early as 5 weeks after ATR deletion. Although this lesser reduction may be attributed to the abbreviated period between deletion and BrdU assay, the dose of tamoxifen and level of Cre induction may also be factors. Regardless, the reduced cell proliferation and reduced anxiety-like behavior observed in this second model used to delete ATR support our finding that ATR has a critical role in cell proliferation in the hippocampus. ATR deletion resulted in reduced anxiety in multiple rodent behavioral tests, including the EZM (Figure 3) , marble burying test (Figure 4a and b) , and NIH test (Figures  4c and d) . These observations are at odds with studies associating reduced neurogenesis with increased anxiety in the elevated plus maze (Revest et al, 2009; Conboy et al, 2010) and light-dark box (Scobie et al, 2009) , and finding no baseline change in hyponeophagia (Santarelli et al, 2003; Revest et al, 2009; Scobie et al, 2009) . Interestingly, recent literature (Fuss et al, 2010a) suggests that intermediate levels of neurogenesis are associated with low levels of anxiety in some paradigms, with exercise and irradiation, which increase and ablate neurogenesis, respectively, both associated with elevated anxiety. The anxiolytic phenotype observed in ATR-deleted mice, which exhibit levels of neurogenesis intermediate between basal levels and a complete ablation, appears to be in agreement with the aforementioned finding. Furthermore, at the opposite end of the spectrum, our data are in line with studies demonstrating a correlation between increased neurogenesis and increased anxiety following voluntary exercise (Fuss et al, 2010b) . This association between increased neurogenesis and increased anxiety is also observed in CREB-deficient mice (Gur et al, 2007) .
The NIH test is considered an ethologically relevant test with strong predictive and construct validity (Dulawa and Hen, 2005) . Our lab and others have previously demonstrated that latency to feed in the novel environment can be reduced by acute treatment with a benzodiazepine, as well as treatment with chronic, but not acute, AD compounds (Dulawa and Hen, 2005, for review; Gur et al, 2007; Gundersen and Blendy, 2009) . Our interest in examining the ATR mice in the NIH test was twofold. First, baseline behavior in the novel environment provides a measure of anxiety. Second, this behavior is sensitive to chronic AD treatment that is thought to depend on increased neurogenesis. However, in studies where X-ray irradiation is used to ablate neurogenesis, there are discrepancies in the resulting effects on both baseline and AD-mediated hyponeophagia (Santarelli et al, 2003; Holick et al, 2008; David et al, 2009 ). These conflicting findings may stem from variations in mouse strain, AD treatment, or hyponeophagia protocol, as some investigators utilize the novelty-suppressed feeding test, a variation of the NIH test that involves food restriction. Additionally, reported effects of X-ray irradiation on differentiation (Tada et al, 2000) and inflammatory response (Mizumatsu et al, 2003) have the potential to interfere with evaluation of hippocampalmodulated behaviors. Whether or not these factors confound the findings of studies using X-ray irradiation, confirmation by genetic methods in which neurogenesis is reduced or ablated will lend confidence to the interpretations and implications of altered neurogenesis and AD responsivity. To date, no one has reported whether a partial deficit in neurogenesis generated by genetic manipulation, such as that seen following ATR deletion, alters AD efficacy in a chronic exposure paradigm.
We observed a significant behavioral effect of DMI treatment in the NIH test only in our control mice ( Figure 5a ). As baseline latencies were lower in the ATRdeleted mice, we ruled out a floor effect by testing the efficacy of a benzodiazepine, CDP, on latency in the novel test following ATR deletion. CDP significantly reduced latency to feed following ATR deletion (Figure 5b ). Both control and ATR-deleted mice exhibited reduced immobility time in the forced swim test after acute treatment (Figure 5c ), ruling out a more general deficit in response to DMI following ATR deletion.
On the basis of the behavioral observations in the NIH test, we hypothesized that DMI treatment in AAV.eGFPinjected mice would lead to increased neurogenesis, and that this effect of DMI would be attenuated in ATR-deleted mice. Interestingly, we observed no effect of DMI treatment on cell proliferation in either the control or ATR-deleted mice (Figure 5d ). Although this was an unexpected observation, previous work has established that AD effects on neurogenesis can be small in magnitude and depend on numerous factors including mouse strain and pretreatment David et al, 2009) . Furthermore, others have reported no effects of AD treatment on cell proliferation in rodents (Huang et al, 2008; Navailles et al, 2008; Petersen et al, 2009) .
DMI reduced latency to feed without affecting cell proliferation, indicating that DMI's effect on latency is through a neurogenesis-independent mechanism. To better understand this dissociation between DMI's effects on neurogenesis and behavior in the NIH paradigm, we sought to determine whether DMI exerts other trophic effects in the hippocampus, and whether those effects may explain the lack of efficacy of DMI in the NIH paradigm following ATR deletion. To this end, we observed significantly-increased CA1 dendritic spine density in control mice treated with DMI; this effect was greatly attenuated following ATR deletion (Figure 6c ). Dendritic spine density is enhanced by various external stimuli including learning (Moser et al, 1994) , enrichment (Zhu et al, 2009) , exercise (Stranahan et al, 2009) , and AD treatment; all stimuli that can have a positive influence on mood and emotional affect in depressed individuals. In agreement with work by others (Bessa et al, 2009) , our results suggest that neuronal plasticity and/or remodeling, not increased neurogenesis, underlies the behavioral efficacy of AD treatment.
As ATR is not necessary for the functioning of mature cells, attenuation of DMI-mediated increases in dendritic spine density in the CA1 region, an area of the hippocampus composed of mature neurons, hints at broad, circuit-wide changes in hippocampal function as a result of reduced neurogenesis. Immature neurons in the adult hippocampus exhibit unique properties including enhanced excitability and a lower threshold for the induction of long-term potentiation, indicative of enhanced potential for synaptic plasticity (Schmidt-Hieber et al, 2004) . A reduction in the proportion of hippocampal neurons, which exhibit these unique properties, as well a reduction in the number of new neurons available to functionally integrate into the hippocampal circuitry, may interfere with homeostatic functioning of the hippocampus, indirectly rendering it less responsive to the changes normally induced by DMI. Consistent with this hypothesis, ablation of neurogenesis leads to a reduction in evoked perforant path responses and an increase in the amplitude of spontaneous network activity in the dentate gyrus in an in vivo model (Lacefield et al, 2010) . It is not unreasonable to predict that changes in network activity in the dentate gyrus because of loss of young, plastic neurons might extend to interrupting circuitry function within other regions of the hippocampus. The importance of neurogenesis for the treatment of mood disorders may thus lie in the role of new neurons in maintaining homeostatic network activity within the hippocampus, and this concept is supported by evidence that FLX depends on the plasticity of young neurons for its anxiolytic and AD efficacy (Wang et al, 2008) .
Hippocampal ATR deletion provides a valuable model for studying the behavioral changes associated with deficits in hippocampal neurogenesis. In future studies, this model will be a useful tool for determining whether different classes of AD compounds exhibit varying degrees of neurogenesis dependence. In addition, it is of interest to evaluate susceptibility to depressive-like behaviors in mouse models of depression such as chronic mild stress and chronic social defeat in the ATR-deleted mice. Further insight into the pathophysiology and treatment of depression should lead to the eventual development of more rapid-acting treatments with fewer undesired side effects.
